We investigated the effects of soil nutrient and water availability on the growth and chemistry of the silky willow ( Salix sericea Marshall), and on the performance of the imported willow leaf beetle ( Plagiodera versicolora Laichartig). Our major aims were to determine whether there are nutrient-water interactions on plant traits and whether this leads to parallel interactions for herbivore performance. We used a 2 × 3 fully factorial design, which consisted of high and low nutrient treatments crossed with dry, field capacity, and flooded water treatments. We found that nutrient additions increased plant growth, but only in field capacity and flooded conditions (nutrient-water interaction). Leaf nitrogen content also depended on the interaction between soil nutrients and water: nutrient addition resulted in a larger increase in foliar nitrogen in the field capacity treatment than in the flooded and dry treatments. Of the two phenolic glycosides measured, salicortin and 2 ′ -cinnamoylsalicortin, only one was affected by the treatments. 2 ′ -cinnamoylsalicortin concentration was lower in the high nutrient-dry treatment compared with the other treatments. In contrast to plant responses, there were no interactions found for larval or pupal weight or development time. Nutrient addition led to an increase in female pupal weight, and foliar N was positively correlated with female pupal weight and negatively correlated with female development time. In addition, leaf water was positively correlated with female development time. The lack of interactions for insect performance may stem from the small absolute differences in foliar nitrogen content associated with the interaction between the nutrients and water. Taken together, our results suggest that nutrient-water interactions influence plant traits that are potentially important for insect performance (leaf nitrogen and water), but these interactions do not produce parallel interactions in beetle performance.
Introduction
The availability of resources may influence plant nutritional quality and subsequent herbivore performance (White, 1976; White, 1984; Mattson & Haack, 1987) . Numerous studies have indicated that herbivore performance is typically mediated by a few plant traits, such as leaf water content, nitrogen concentration, and the concentration of secondary chemicals (Gershenzon, 1984; Horner & Abrahamson, 1992; Nepomuceno et al., 1998) . However, studies manipulating two or more resources have often demonstrated interactive effects on plant morphological and chemical traits (Nichols-Orians, 1991; Wilkens et al., 1996a) . For example, Wilkens et al. (1996b) demonstrated an interaction between soil nitrate and light intensity on the leaf phenolic chemical chlorogenic acid in tomato. Plants that received greater nutrients had reduced levels of chlorogenic acid under low light conditions, but there was no difference in chlorogenic acid between high and low nutrient treatments under high light conditions. Two or more resources can also have interactive effects on insect performance (Mellors & Propts, 1983; Dudt & Shure, 1994; Kinney et al., 1997) . Despite the fact that multiple abiotic factors are likely to vary spatially and temporally in nature, few studies have investigated the interactive effects of resources on both plant traits and insect performance (e.g., Kinney et al., 1997) .
Soil nutrients and water are two essential resources whose availability can have marked effects on plant growth, morphology, and chemistry, and both have been linked to insect herbivore performance. Soil nutrient additions are well known to increase plant biomass, and have also been shown to affect traits such as foliar nutrient and secondary chemistry. In general, the addition of fertilizer to the soil has been shown to increase foliar N content and, in most cases, to decrease concentrations of phenolic chemicals (Price et al., 1989; Crone & Jones, 1999) , as well as often increasing insect growth (Mattson, 1980; Waring & Cobb, 1992 , but see Wait et al., 1998) . The effects of water availability are less well understood. Most studies have shown that flooding decreases, and drought increases, concentrations of N in plant tissues (Kozlowski & Pallardy, 1984; Mattson & Haack, 1987; Holzer et al., 1988) . In contrast, the response of secondary chemicals to water availability, particularly carbon-based chemicals, is inconsistent (Koricheva et al., 1998) . Insect performance on water-stressed plants is similarly variable (Mattson & Haack, 1987; Christiansen & Austara, 1996) . Perhaps some of the study-to-study variation in plant traits and insect performance results from interactions between nutrient and water availability.
Nutrient-water interactions on plant traits and, consequently, insect herbivores, are likely to be based on the physiology of nutrient transport into the plant. Mineral nutrients are delivered from the root to the shoot along the transpirational stream, and therefore soil water deficits can limit nutrient transport simply by reducing the volume of water that moves into the plant (Kramer & Boyer, 1995; Wu et al., 1999) . The movement of minerals into the root does not occur passively, but requires a considerable investment of energy to overcome steep electrochemical gradients (Marschner, 1986) . In fact, in barley roots, more than 20% of respiration is dedicated to nitrate uptake and assimilation (Bloom et al., 1992) . Soil water content can potentially influence nutrient uptake by disrupting the function of ATP-dependent membrane transport systems. For example, flooding reduces respiration in the root, which decreases ATP availability for mineral transport (Kozlowski & Pallardy, 1984) . A number of mineral transporters have been characterized; however, their regulation is not well understood (Ranamalie et al., 1998; Hoefgen et al., 2001 ). An additional way in which water stress could influence nutrient uptake is by inducing signals, e.g., a change in pH, that may regulate transporters in root membranes.
Surprisingly, few studies have examined the simultaneous effects of soil nutrients and water on plant traits and insect performance. The studies that have compared the effects of nutrients and water on plant traits and insect performance have not found interactions for either plant or insect response. Estiarte et al. (1994) used a 2 × 2 factorial design to investigate the effects of nutrient availability and moderate water stress on the leaf chemistry of an herbaceous plant and the growth of a noctuid herbivore. They found that nutrient addition increased foliar N, decreased foliar phenolics, and increased the growth of a noctuid herbivore. Moderate water stress had little effect, and there were no interactions. In a study using a woody species, water availability was found to be the overriding determinant of survival and growth for caterpillars (Floater, 1997) . Floater (1997) also found no interaction between nutrients and moderate water stress. We suspect that the treatment levels used in these studies may account for the lack of interactions for plant traits; moderate water stress may not be sufficient to influence nutrient uptake and, subsequently, the effects of nutrients on plants and herbivores. We reasoned that detecting interactions for plant traits and herbivore performance may require the use of a broader range of water treatments, especially since studies have demonstrated non-linear effects of water availability on plant traits (Horner, 1990) .
We tested the response of a species of shrubby willow, Salix sericea Marshall (Salicaceae), and a leaf beetle herbivore, Plagiodera versicolora Laichartig (Coleoptera, Chrysomelidae), to dry, field capacity, and flooded soil water conditions within high and low nutrient treatments. The major aims of the study were to: (1) determine how nutrient, water, and nutrient by water interactions affect plant chemical traits and leaf beetle performance, and (2) determine whether specific leaf traits mediate the response of leaf beetles to nutrient and water treatments. We hypothesized that nutrient effects on plant traits and beetle performance would be minimal when water is limiting (both dry and flooded), and pronounced when not limiting (field capacity). This prediction is based on the expectation that plants receiving adequate nutrients and water (high nutrients-field capacity) should have maximal growth, high tissue N concentration, low phenolic concentration, and greater susceptibility to herbivores (Bryant et al., 1987a; Bryant et al., 1987b) . In contrast, plants in all the other treatments are expected to be limited in growth and N uptake capacity by either water or nutrient stress. Moreover, we predicted that interactions on plant traits that are known to influence beetle growth should result in commensurate nutrient-water interactions on beetle performance.
Materials and methods

Study system
The silky willow, Salix sericea , is a shrubby wetland species that has an extensive range in the north-eastern USA and eastern Canada (Argus, 1986) . It is most often found growing in freshwater swamps and along riverbeds and streams, but it can also occasionally be found growing on relatively drier upland sites (pers. obs . ). Under favorable growing conditions, a mature plant can reach 3 m in height and consist of up to 20 or more individual stems. The mode of reproduction and well-characterized secondary chemistry of S. sericea make it an ideal study system for investigating how plant chemical traits influence herbivore performance. Salix sericea is a dioecious species that reproduces sexually by means of plumose seeds and asexually by sucker-sprouting. For this study we took advantage of the ability of S. sericea to reproduce asexually by making cuttings to generate replicate individuals of a single clone. Salix sericea produces the phenolic glycosides salicortin and 2 ′ -cinnamoylsalicortin in concentrations as high as 10% dry leaf mass (Nichols-Orians et al., 1993) . Phenolic glycosides have been shown to affect the feeding patterns and growth of insect herbivores (Tahvanainen et al., 1985; Lindroth, 1989) .
The imported willow leaf beetle, Plagiodera versicolora , was introduced to the USA from Europe at the beginning of the 20th century and is a specialist on species in the Salicaceae. There are three larval instars. Larvae feed communally in groups of 10-25 for the first two instars, and then separate to feed individually or in smaller groups for the remainder of larval development. At the end of the third instar, larvae attach themselves to the underside of a leaf and pupate. Adults are between 4 and 7 mm in length, with the females 1/4 -1/3 more massive than males. The feeding preference of adult P. versicolora is influenced by foliar chemistry (Tahvanainen et al., 1985; Crone & Jones, 1999) . Crone & Jones (1999) showed that shaded poplars ( Populus deltoides ) with low foliar concentrations of phenolic glycosides and high nitrogen content were preferred for feeding compared with unshaded plants. In laboratory feeding assays, Orians et al. (1997) found that hybrid willows ( S. sericea × S. eriocephala ) containing intermediate levels of salicortin and 2 ′ -cinnamoylsalicortin were preferred to S. sericea , which have relatively higher concentrations.
Experimental plants
In March 1999, we generated 18 cm cuttings from a single clone (S31, female), which allowed us to remove the effects of genotype. The S31 clone originated from a population of willows in Oneonta, NY. One end of each cutting was scored lightly several times with a paring knife, dipped in rooting hormone (Rootone®) and placed in a rootcone filled with potting mix consisting of peat moss and vermiculite (Peters®). Plants were allowed to grow on a greenhouse bench under a L16:D8 cycle and were fertilized once per week with Peters® 10-30-10 plant food (10 ml of 0.5 g l − 1 fertilizer). After 6 weeks, 90 plants were transplanted into 4 l pots and transferred to an open field site in the Waltham Experimental Field Station (University of Massachusetts) in Waltham, MA. The potting mixture consisted of loam, peat moss, and fine vermiculite (Whittmore®) in a 6 : 2 : 1 ratio by volume. All plants were watered once per day until the initiation of the experimental treatments, which began after 6 weeks of growth in the field.
Experimental set-up
We created six treatment conditions by growing the potted willows in two levels of nutrient availability (high and low) and three levels of water availability (dry, field capacity, and flooded) in a fully factorial design. Thus, there were a total of six treatments with 15 plants per treatment giving a total of 90 plants. Plants in the high nutrient treatment received 100 ml of fertilizer solution (1.25 g Peters® 20-20-20 NPK fertilizer/litre water) every 3-4 days; plants in the low nutrient treatment did not receive supplemental nutrients. The flooded treatment was created by lining pots with heavy-duty plastic to retain water; these plants were watered daily to maintain standing water in the pots. Plants in the field capacity treatment were watered to saturation once per day and plants in the dry treatment were given 100 ml of water every 3-4 days. Clear plastic saucers covered the tops of all the pots to shield the soil from rain. We applied the treatments for 4 weeks before the feeding assays were begun, and the plants therefore received eight rounds of fertilizer before the start of the feeding assays (see below).
Plant traits
We measured two plant growth traits: total plant biomass and leaf expansion rate. In addition, we measured four traits which were likely to influence leaf beetle feeding and growth: leaf water content, percentage leaf nitrogen content, and the concentration of the phenolic glycosides salicortin and 2 ′ -cinnamoylsalicortin. These four traits were measured using three young, full-expanded leaves that had been excised from each plant. We bulked these three leaves and measured the leaf water content. We then ground the leaves together and measured the nitrogen, salicortin, and 2 ′ -cinnamoylsalicortin concentrations. For each plant, then, we obtained a single measurement of weight, leaf expansion, leaf water, nitrogen, salicortin, and 2 ′ -cinnamoylsalicortin. We attempted to measure plant traits on all 15 plants in each of the treatments; however, some plants were not measured for certain traits due to mortality or mishandling of the samples resulting in 14 -15 replicate plants per treatment. All plant traits, except plant biomass, were measured during the week preceding the feeding assays.
We harvested the plants at the end of the experiment, dried them at 60 ° C for 48 h and weighed them to determine total biomass. Leaf expansion rate was measured as the increase in leaf length over time: length(final) -length(initial)/ ∆ time. For leaf expansion measurements we marked the first fully formed leaf (typically 1-2 cm long) with a loop of wire and measured its length every 2 days over a 10-day period. The fastest expanding leaves finished expansion around 10 days.
Prior to the final harvest we determined leaf water content by removing three first-fully expanded leaves (leaf positions 5-8) at the base of the petiole and then weighed them before and after vacuum drying for 48 h. We calculated leaf water content using the following formula: (W w -W d )/W w , where W w is the wet weight and W d is the dry weight of the leaf.
These same three leaves were ground in a Wiley mill (30 mesh) and stored at − 20 ° C until they were analyzed chemically. Percentage elemental N was determined on ≈ 20 mg samples with an NC 2500 CE Elantech C/N Analyzer (Thermoquest Instruments). We measured the concentrations of the phenolic glycosides salicortin and 2 ′ -cinnamoylsalicortin using High Performance Liquid Chromatography (HPLC) (Orians, 1995) . Approximately 10 mg of leaf powder were extracted in 1.0 ml cold methyl alcohol for 13 min under sonication. We centrifuged and filtered (0.45 µ m) the extracts into crimp-top vials and stored them at − 20 ° C. The analyses were performed on a Hewlett-Packard 1100 Series HPLC with a UV detector set at 274 nm within 24 h of extraction. For the analyses we used a 3.9 × 150 mm 4 µ m reverse-phase Nova-Pak C 18 column (Waters) and a gradient system of distilled water and methyl alcohol. 1,3-Dimethoxybenzene was used as an internal standard and purified standards of salicortin and 2 ′ -cinnamoylsalicortin were used to generate standard curves.
Feeding assays
We started a laboratory colony of P. versicolora in June 1999 from approximately 200 adults and larvae collected from the Hinsdale Flats Wildlife Preserve in Hinsdale, MA. Beetles were maintained in Petri dishes on a L16:D8 cycle at 25 ° C in a growth chamber. Every second day, they were fed fresh leaves from Salix eriocephala , a shrubby species that does not contain phenolic glycosides.
To measure beetle performance, we placed two firstinstar larvae in each of 90 Petri dishes with ample leaf material from each of the experimental plants (90 Petri dishes). We kept track of which dish corresponded to each plant for later analysis of correlations between specific plant traits and beetle performance. Every 2-3 days, each dish was supplied with fresh leaves harvested from the 5-8th position from the top of the stem (young, fully expanded leaves). The time of development from 1st instar to pupation was recorded, and pupal weights obtained. We allowed the pupae to emerge as adults and preserved them in alcohol for later dissection to determine sex. Because of an unexplained 2 : 1 sex bias in favor of females, there were too few observations to run reliable statistics for male performance. In addition, because of the size dimorphism, the male and female observations could not be combined. Therefore, we only report the performance of the female leaf beetles.
Statistical analysis
We used a two-way Analysis of Variance (ANOVA) to test for effects of nutrient and water treatments on plant growth and chemistry, and leaf beetle performance (PROC GLM procedure in SAS, 2000), with nutrients and water treated as fixed effects. We tested for differences between treatments using Scheffe's multiple range test. Stem dry weight was square-root transformed, 2 ′ -cinnamoylsalicortin concentration was natural-log transformed, and percentage data (leaf water, nitrogen, salicortin, and 2 ′ -cinnamoylsalicortin) were arcsine squareroot transformed (Zar, 1996) . We employed step-wise multiple regression to test the relationship between plant traits and female leaf beetle performance (PROC REG, MAXR option in SAS, 2000).
Results
Plant traits
Stem dry weight and leaf expansion rate were greatest in the high nutrient and in the field capacity treatments (Table 1, Figure 1A ,B). There was a nutrient-water interaction for stem dry weight, which was mainly a result of the positive effect of nutrients in the field capacity and flooded treatments (178% and 82% increase, respectively). There was no effect of nutrients in the dry treatment. Leaf expansion rate showed a similar pattern, with a 50% increase for field capacity and 122% increase for flooded treatments, but no increase in the dry treatment.
The overall effect of nutrient addition (main effect) was an increase in leaf water content, while, overall, flooding decreased the leaf water content (Table 1, Figure 2A ). We did not find an interaction. Percentage foliar N was greater in the high nutrient treatment than the low nutrient treatment, and greater in the dry treatment than in the field capacity and flooded treatments (Table 1, Figure 2B ). Thus, a nutrient-water interaction resulted from the fact that the difference between the high and low nutrient treatments was not equivalent between the flooded (20%), field capacity (35%), and dry (26%) treatments. Interestingly, foliar N was higher in the low nutrient-dry treatment than either the low nutrient-field capacity or the low nutrientflooded treatments. In contrast, the high nutrient-dry treatment plants were only greater than the high nutrientflooded plants but not the high nutrient-field capacity plants. 2 ′ -cinnamoylsalicortin was significantly lower in the high nutrient-dry treatment than in the other treatments (Table 1 , Figure 3A ). The salicortin concentration of the leaves did not vary with either the nutrient or water treatments, although it exhibited the same trend as 2 ′ -cinnamoylsalicortin (Table 1, Figure 3B ).
Leaf beetle performance
Female pupal weight was higher in the high nutrient than the low nutrient treatments (Table 1, Figure 4A ). Development time did not differ significantly among the water and nutrient treatments (Table 1, Figure 4B ). There were no significant interactions for either female pupal weight or development time.
We used a step-wise multiple regression to investigate the relationship between plant traits and leaf beetle performance. Using a regression model that included leaf nitrogen, water, salicortin, and 2 ′ -cinnamoylsalicortin as predictor variables, we found that leaf nitrogen was positively correlated with female pupal weight, and negatively correlated with development time (Table 2 ). In addition, leaf water content was positively correlated with female development time. Neither leaf salicortin nor 2 ′ -cinnamoylsalicortin predicted a significant amount of the variability for female pupal weight and development time.
Discussion
Our results suggest that soil nutrients and water interact to influence plant traits that are important for insect performance (leaf N and 2 ′ -cinnamoylsalicortin). However, these interactions do not translate into interactions for beetle growth and development. A potential determinant of beetle performance appears to be leaf N and water content. Although other plant traits varied, they did not affect the leaf beetle performance traits measured in this study. 
Plant growth
The increased shoot dry weight in the high nutrient treatment and in the field capacity treatment was consistent with previous studies; nutrient additions generally increase growth, and drought and flooding generally decrease growth compared with wet, well-drained conditions (Gulmon & Chu, 1981; Baruch, 1994; Loreti & Oesterheld, 1996 ; S. S. Lower unpubl . data). The disproportionately high growth in the high nutrient-field capacity treatment was a consequence of adequate nutrient and water supply, one or both of which was limiting in the other treatments. We supplied luxury amounts of nutrients to plants in the high nutrient treatment, however, the highest growth rates we achieved in our experiment were still comparable to those of young plants growing in upland areas (well-drained) at our field site in western Massachusetts (S. S. Lower, unpubl . data). We saw no symptoms of nutrient toxicity in our experimental plants, but plants growing in low nutrient treatments showed some signs of nutrient deficiency (yellowing and abscission of older leaves). Although water is clearly limiting in the dry treatment, it is probably also limiting in the flooded treatment from disruption of water transport due to anoxic conditions in the soil (Kozlowski & Pallardy, 1984) . The moderate difference in leaf expansion rate in the dry compared with the field capacity and flooded treatments suggested that the dry treatment imposed only moderate water stress. In the field, willows are commonly found in both field capacity and flooded soils on the same site. In addition, the same willow plant may experience both flooded and field capacity conditions during different times in the growing season due to rain events and seasonal fluctuations in the water table. As soils become drier as the summer progresses, young silky willow may experience dry soil conditions in July and August, since they do not have well-developed root systems.
Leaf water content
Changes in the availability of nutrients may affect the transport of water, since both are transported together into plant tissues (Kramer & Boyer, 1995) . We found that increasing nutrient availability to S. sericea increases leaf water content across water treatments, suggesting that increased nutrient availability enhances the ability of S. sericea to uptake water or to conserve water internally. Interestingly, leaf water content is lower in the flooded treatment but similar in the dry and field capacity treatments, suggesting that plants in the dry, but not flooded, treatment, adjust to water stress. The low leaf water content observed in the flooded treatment is consistent with previous studies demonstrating that flooding actually increases plant water stress (Osonubi et al., 1985; Schmull & Thomas, 2000) .
Leaf nitrogen concentration
Soil nutrient, water, and nutrient-water interactions are determinants of leaf N concentration in S. sericea . Foliar N is higher in the high nutrient than in the low nutrient treatment across all water treatments. Similarly, JulkunenTiitto et al. (1993) found that Salix myrsinifolia leaves had increased percentages of leaf N concentrations when the plants were grown in a nutrient-rich soil. We also found that plants in the dry treatment have higher leaf N content than those in the field capacity and flooded treatments, a pattern which has also been observed in other studies (Kozlowski & Pallardy, 1984; English-Loeb et al., 1997) . However, the magnitude of the effect of soil nutrient treatments depends on soil water availability. Within the high nutrient treatment, foliar N concentration steadily decreases from the dry to field capacity to flooded treatment. In contrast, within the low nutrient treatment it decreases from dry to field capacity, and then increases in the flooded. Although nutrient-water interactions on growth traits have been found in other studies, previous studies have not found interactions on leaf N (e.g., Estiarte et al., 1994) . This may relate to the fact that we used a broader range of water treatments. When we re-ran the analysis without including the flooded treatment, we found no interaction.
Leaf phenolic glycosides
Numerous studies have shown that resource availability has an effect on plant secondary chemistry (Gershenzon, 1984; Koricheva et al., 1998) . We found no treatment effects on salicortin. 2 ′ -cinnamoylsalicortin shows a strong interaction, however, only in the dry treatment does fertilization cause a decrease in concentration. We predicted that the addition of nutrients would reduce phenolic chemicals, especially in the field capacity treatment. Table 2 Step-wise multiple regression using leaf nitrogen, water, salicortin, and 2′-cinnamoylsalicortin as predictor variables for female pupal weight and development time. Salicortin and 2′-cinnamoylsalicortin were not included in the variables column, since they did not predict a significant amount of the variability in female pupal weight or development time Several resource-based hypotheses, e.g., the Carbon Nutrient Balance Hypothesis (CNBH) and the Growth Differentiation Balance Hypothesis (GDBH), have been proposed to explain the relationship between resources and secondary chemistry. The predictive power of resource hypotheses, particularly the CNBH, has recently been questioned due to the lack of clear trends (Hamilton et al., 2001) . CNBH predicts that under conditions in which carbon fixation outpaces growth demands, e.g., when soil nutrients limit growth, excess carbon will be shunted into the production of carbon-based secondary chemicals such as phenolic glycosides and tannins (Bryant et al., 1987a; Hemming & Lindroth, 1999) . Our results provide little evidence to support CNBH. Only one of two phenolic chemicals responds in a manner consistent with CNBH, and then only under specific soil water conditions. This result suggests that simultaneously manipulating two or more factors may provide a more complete picture of how resources influence plant traits that are important to herbivores.
Leaf beetle performance
Plagiodera versicolora female pupal weight is influenced by soil nutrient availability, but not by water or by a nutrientwater interaction, and it appears that leaf N mediates the response of larvae to nutrient additions. Like other studies, we found that leaf tissue with high N content supports higher insect growth (Lindroth et al., 1991; Matsuki & Maclean, 1994; Traw et al., 1996) . The high nutrient treatment has significantly higher female pupal weight than the low nutrient treatment, and leaf nitrogen content is positively correlated with female pupal weight. This lends support to the hypothesis that the high pupal weight in the high nutrient treatment results from enhanced leaf N concentration or another correlated trait. Soil nutrient availability has been shown to affect leaf beetle feeding rates. Wait et al. (1998) found that nutrient addition to Populus deltoides increased the feeding rate of the leaf beetle Chrysomela scripta , however, there was not an effect of nutrients on P. versicolora . Soil fertility also appears to influence herbivore abundances in field settings. In a field experiment, Orians & Fritz (1996) found that nutrient addition to potted willows increased the abundance of a suite of arthropod herbivores on S. sericea , including skeletonizing leaf-chewing insects such as P. versicolora . Similarly, fertilized oak trees have been shown to support higher densities of herbivorous arthropods from different feeding guilds (Forkner & Hunter, 2000) . Interestingly, leaf water content is positively correlated with development time. This is consistent with other studies that have shown that plant water deficits are associated with reduced plant quality to herbivores (Louda & Collinge, 1992; Hanks & Denno, 1993) . Other researchers have argued that water-stressed plants are a better resource for herbivores due to the increased nitrogen and sugar mobilization in their stressed tissues (White, 1984) . When we plotted leaf water content against leaf nitrogen, we found that they were positively correlated in a linear manner (data not shown). This suggests another way of interpreting the effect of nutrient treatments on beetle performance. It may be the case that the nitrogen alone is sufficient to explain the positive effects of nutrient addition on beetles. However, since leaf nitrogen and water are positively correlated with each other, it is possible that the increased leaf water in the high nutrient treatments is partially responsible for the increased female pupal weight in those treatments, as well as for a positive correlation between leaf nitrogen and female pupal weight. When we tested other correlations among leaf nitrogen, water, salicortin, and 2 ′ -cinnamoylsalicortin, we did not find either linear or non-linear relationships. Taken together, our results suggest that leaf nitrogen is the trait that is most important in determining leaf beetle performance, although some evidence also points to a role for leaf water as well.
Phenolic glycoside concentration is not correlated with female pupal weight or development time. Other studies have suggested that phenolic chemicals influence insect growth (Roininen & Tahvanainen, 1989; Crone & Jones, 1999) . In this study, the importance of foliar nitrogen over phenolic chemistry in determining growth response may be related to the fact that we did not generate enough variation in phenolic glycosides.
Conclusions
Physiologically, the uptake of nutrients depends upon water availability (Marschner, 1986) . Consequently, we expected that water and nutrient availability would interact to influence plant growth and leaf quality. Indeed, soil nutrient-water interactions influence plant growth, leaf nitrogen concentration, and 2 ′-cinnamoylsalicortin. As hypothesized, the largest difference in leaf N content occurred in the field capacity treatment. There was a 35% decline between high and low nutrient treatments in the leaf N content within the field capacity treatment compared with a 20% decline within the flooded and a 26% decline within the dry treatment ( Figure 2B ). However, phenolic glycoside concentration was also high in the leaves of the plants in both nutrient treatments grown at field capacity. This makes it difficult to predict leaf suitability to herbivores and may obscure interactive effects on leaf beetle performance.
We had predicted that an interaction on plant traits important to leaf beetle growth and development should translate into parallel interactions on leaf beetle performance. However, we found no interactive effects on leaf beetle performance. The increase in female pupal weight from low to high nutrient treatments is statistically indistinguishable among each of the water treatments (4%, 10%, and 11% for dry, field capacity, and flooded, respectively). Development time is also similar across treatments. Both female pupal weight and development time are weakly correlated with leaf N concentration. The lack of an interaction on leaf beetle performance suggests that the small effect of water treatments on leaf N concentration is not sufficient to modify the effects of soil nutrient availability on performance.
Nutrient-water interactions have received scant attention in the literature, with most studies treating the factors separately. We found that nutrients and water interacted to influence percentage leaf N and 2′-cinnamoylsalicortin concentration, but the interactions were not large enough to have an effect on larval growth in P. versicolora. The lack of an interaction for P. versicolora performance suggests that nutrient-water interactions are not likely to impact population dynamics via plant quality. However, interactions may influence P. versicolora through differences in plant growth. Nutrient-water interactions on growth could potentially have profound effects on population dynamics, since the right combination of nutrients and water can produce an abundant, nitrogen-rich food resource. Future experiments should examine the relative impact of nutrients and water on both performance and preference, in order to shed some light on how these resources influence the natural abundances of P. versicolora.
